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012.12.0Abstract This research aims to investigate the effect of efﬂuents, excess temperature above the
ambient of the power plants and ﬂow regime on the mixing zone characteristics. To achieve these
aims an undistorted thermal physical model was constructed. The model is a ﬁxed bed with an
undistorted scale of 1:50. It represents 2.5 km of EL-Rayah EL-Behery at the vicinity of the North
Giza Power Plant, Egypt. It simulates the thermal plume produced from the plant. The results
showed that the mixing zone depends on the ﬂow regime, the efﬂuent discharge and the excess tem-
perature above the ambient at the outfall. The results showed that, the mixing zone area increases
with increasing the efﬂuents and decreases with increasing the ﬂow in the river. It was found that in
case of increasing the excess temperature above the ambient at the outfall and decreasing the efﬂu-
ent discharge, the mixing zone area was increased. It means that the excess temperature at the out-
fall has more inﬂuence on the mixing zone. In conclusion, the mixing zone characteristics are
deﬁned which helps in understanding of thermal plumes. Using equations have been developed
assist in predicting of the dimensions of mixing zone.
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031. Introduction
Thermal power plants are extensively used in Egypt for
power generation. They are built on the Nile River and its
branches and along the Egyptian coasts. Thermal power
plants abstract the cooling water from the stream (fresh water
or seawater) through their intake and discharge the efﬂuents
back through their outfalls. Power plants discharge hundred
thousands tons of efﬂuents to the stream (river or sea) on
daily basis. The efﬂuents are characterized by the increased
water temperature above the ambient which might affect
the water quality at the plant vicinity. The increased waterion and hosting by Elsevier B.V. All rights reserved.
Figure 2 Plan view of an idealized mixing zone for a surface
coastal discharge. Water quality standards are applied at the
boundaries of the mixing zone [7].
176 E.A.S. El-Ghorabtemperature has a signiﬁcant impact on the dissolved oxygen
(DO) which in turn can affect the aquatic life and disturb the
ecosystem at the plant vicinity. It also affects the entire phys-
ical, chemical and biochemical properties of water and causes
a stress on the biota which can be harmful to their life. The
bathymetry and hydraulic conditions at the plant vicinity
affect the transport and dispersion of the efﬂuents since the
water ﬂow is the main transport mechanisms of any pollu-
tants in the water [1].
Hydro-thermal modeling of the transport and dispersion
of the efﬂuents from the thermal power plants is a powerful
tool to predict the trajectory of the thermal plumes and in-
creased water temperature above the ambient. This enables
the prediction of the area which might be violating the water
quality standards. Numerical ﬂow models can be used in the
far ﬁeld modeling in which the inertia force is dominant over
the bouncy force. However, numerical models are not capa-
ble of predicting the thermal plume in the near ﬁeld region
in which the buoyant force is dominant the over inertia
force. This is because physical models are very efﬁcient
and reliable tools in studying the multiple complex ﬂow pro-
cesses associated with the efﬂuent discharge in the near ﬁeld
region [2–5].
The ‘mixing zone’ is the region within which a contaminant
plume is legally allowed to interact with the surrounding water.
The ‘contaminant’ may be heat, a chemical or any other quan-
tity that presents a possible impact to the environment [6].
Figs. 1 and 2 illustrate the mixing zone area in case of sub-
merged and surface discharge, respectively [7].
The mixing zone should fulﬁll the following conditions:
(1) The mixing zone shall be limited to an area or volume as
small as possible to minimize adverse impacts on aquatic
life and other beneﬁcial uses.
(2) The mixing zone shall not impact or cause the migration
of ﬁsh or other aquatic life. There shall be a safe and
adequate passage for living organisms with no deleteri-
ous effects on their populations.
There is no speciﬁc guideline on the dimensions of the mix-
ing zone to be applied globally. In some international guide-
lines the mixing zone is varied between 25% and 50% of the
width of cross-sectional area of the stream and should not cov-
er the surface from bank-to-bank of any receiving, bordering,
adjacent, contiguous, or impacted river, estuary, bay, or
embayment [8,9]. This deﬁnition is general and does notFigure 1 Cross section of a mixing zone for a submerged
discharge into a river channel [7].consider the width of the stream. The US Environmental Pro-
tection Agency (USEPA) sets mixing zone requirements.
According to the USEPA requirements, mixing zones:
 cannot experience acutely toxic conditions,
 cannot contain contaminants in concentrations great
enough to form surface scum or precipitate out of solution,
 cannot contain substances in concentrations that favor
undesirable aquatic life or result in a dominance of ‘nui-
sance species’,
 should avoid ‘biologically important areas’,
 shore-hugging plumes in particular should be avoided.
However, the USEPA did not specify the dimensions which
should be applied for the mixing zone and the temperature at
the edge of the mixing zone. The Egyptian water quality guide-
lines states that the water temperature should not increase
more than 5 C above the ambient water temperature and
the absolute temperature should not increase above 35 C at
the edge of the mixing zone. However, the edge of the mixing
zone is not speciﬁed in the water quality guidelines. This re-
search is currently carried out to specify the area of the mixing
zone. This research aims at a better understanding of the mix-
ing zone and how it affects with increasing the efﬂuent dis-
charge or the ﬂow discharge in the stream. This research
investigates the thermal plume dimension in the near ﬁeld re-
gion using the hydro-thermal physical scale model of North
Giza Power Plant.
2. Description of North Giza Power Plant
North Giza Power Plant was used to get a better understand-
ing of the mixing zone. The plant is being constructed on the
right bank of El-Rayah El Behery at km 22. The cooling water
of the plant is abstracted from EL-Rayah El Behery through
its intake for its once-through cooling system. Fig. 3 shows
the general layout of the location of the plant.
The efﬂuent which is characterized by its increased water
temperature above the ambient is discharged back to El-Rayah
El Behery through the plant outfall. The plant capacity is
3 \ 750 Mw Power. It consists of three power generation units.
The efﬂuent discharge ranges from 8.5 m3/s to 41.6 m3/s
depending on the plant operation conditions. The design
El-Rayah El 
Nasary 
El-Rayah El 
Behary  
Location of  the 
North Giza P.P.  
Rosetta 
Branch
Figure 3 General layout of the location of the North Giza Power Plant, Egypt.
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either 8 C, or 12 C depending on the operation modes of
the plant [10,11].3. Intake and outfall structures of the cooling system
The intake structure consists of six culverts. Each culvert has a
rectangular section of 3 m wide and 2.5 m high. The ﬂoor level
of the culverts is (7.00) m MSL. The intake structure is pro-
vided with a sill in front of it, which is (1.00) m high above
the average bed level of the El-Rayah El-Behery in front of
the intake. The crest level of the sill is (11.00) m MSL. The idea
of the sill construction is to prevent the sediment bed load
from entering the pump sump through the intake structure.
The total intake ﬂow varies from 8.5 m3/s to 41.6 m3/s accord-
ing to the plant operation mode.
The outfall structure consists of six culverts that discharge
the efﬂuents from the plant to EL-Ryah EL-Behery. Each cul-
vert has a rectangular section of 3 m wide and 2.5 m high. The
culverts axis of the outfall make an angle of 60 with the main
ﬂow direction. The efﬂuent discharge ranges from 8.5 m3/s to
41.6 m3/s depending on the plant operation conditions. The
design excess water temperature above the ambient water at
the outfall is either 8 C or 12 C depending on the operation
mode of the plant.4. Model similarity
For correct reproduction of the important hydraulic and ther-
mal phenomena in a hydraulic scale model, a number of
requirements must be fulﬁlled when determining the model
scales. The following sections present the model scale
requirements.4.1. Geometric similarity
Geometric similarity of a model is achieved if all geometric
dimensions of length, width, and depth in prototype, exhibit
a constant ratio to the corresponding dimensions in the model:
Length ratio = nl
Area ratio = (nl)
2
Volume ratio = (nl)
34.2. Kinematics similarity
Kinematics similarity between the prototype and the model re-
quires that time-dependent events proceeded in the model and
prototype is the same in a way, such that corresponding time
intervals in prototype and the model would show a constant
ratio
nt ¼ nl=nv
where nt is the time scale ratio and nv is the velocity scale ratio.
4.3. Dynamic similarity
Dynamic similarity implies that corresponding forces in proto-
type and model must show a constant ratio. These ratios can
be derived from the relations between the acting forces in the
ﬂow ﬁeld. The relevant forces in case of free surface ﬂow with
density difference are inertia, gravitational, buoyancy, and vis-
cous forces. The force ratios are:
Froude Number (Fr)
Froude Number is the ratio of inertia to gravitation forces
Fr ¼ Vﬃﬃﬃﬃﬃ
gh
p
Densimetric Froude Number
178 E.A.S. El-GhorabFrd ¼
V
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðDq=qÞghp
Reynolds Number
Reynolds Number is the ratio of inertia to viscous forces
Re ¼ VR=v
which V is the velocity (m/s); g the gravitational acceleration
(m/s2); h the water depth (m); q the density (kg/m3); Dq the
density difference (kg/m3); R the hydraulic radius (m) and t
is the kinematics viscosity (m2/s).
Based on the condition that Froude Number in both proto-
type and model is equal, the velocity, discharge and the time
scale ratio can be determined as follows:
Velocity scale ratio ¼ nv ¼ ðnlÞ0:5
Discharge scale ratio ¼ nq ¼ nl nl nv ¼ ðnlÞ2:5
Time scale ratio ¼ nt ¼ nl=nv ¼ ðnlÞ0:5
Since generally, the kinematics viscosity in themodel and proto-
type should be the same, the condition that Reynolds Number is
the same in prototype and model in combination with the veloc-
ity scale determined as mentioned above cannot be fulﬁlled.
However, in practice the nature of the turbulent transport does
not depend upon the Reynolds Number as long as it exceeds a
certain critical value. For river models this value is as follows:
Re ¼ Vh=vP 2000
The Reynolds Number for jets discharging into ambient water
has been experimentally determined and was found to be as
follows:
Re ¼ Vh=vP 7505. Model description
In order to simulate the ﬂow pattern and the thermal plume in
the near ﬁeld region of the North Giza Power Plant in a properFigure 4 General layout of the model and locaway, undistorted physical model with a geometrical scale of
1:50 was constructed. The scale model simulates the ﬂow pat-
tern according to Froude similarity laws [12]. The model scale
was selected to fulﬁll the similarity laws and the available space
in the Lab. The model was constructed in one of the experimen-
tal halls of the Hydraulics Research Institute (HRI) and repre-
sents 2.5 km of EL-Rayah EL-Behery at the vicinity of the
power plant. The model consists of three main parts: the model
ﬂow inlet, the modeled reach of the river, and the model ﬂow
outlet as shown in Fig. 4.
The water is pumped to the model from the Nile River up-
stream of Delta Barrage. The discharge to the model was con-
trolled via a gate valve and measured by an ultrasonic ﬂow
meter. The model ﬂow inlet has a rectangular shape with suit-
able dimensions to accommodate the discharge required for
the model. The model has ﬁxed bed made of cement mortar
and shaped according to the bathymetric and topographic sur-
vey cross sections, which were carried out at the pant vicinity
in the prototype. Smoothing of the bed surface was accurately
done to ensure that the roughness is correctly reproduced in
the model and that was checked during the calibration phase.
The water surface slope was controlled in the model using a
ﬂab gate ﬁxed at the model exit. The water level in the inlet ba-
sin was adjusted and measured using three point gauges. The
intake and outlet structures of the cooling system were made
according to the design drawings and scaled down according
to the model scale. The intake and outfall structures of the
cooling system were positioned in the model as speciﬁed in
the design. The modeled area downstream of the outlet struc-
ture of the power plant is sufﬁcient to allow a full development
of the thermal plume. Fig. 5 shows a general layout of the
physical scale model. Figs. 6 and 7 show the intake and outfall
structures of the plant in the model.
To simulate the thermal ﬂow fromplant, a boiler was installed
simulating the condenser near the model and increase the water
temperature discharged to the stream according to the desired va-
lue. An ultrasonic ﬂowmeter was installed on the feeding pipe totion of the measuring velocity cross sections.
Figure 5 North Giza Power Plant physical scale model after
construction.
Figure 6 The intake structure.
Figure 7 Outfall structure.
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Figure 8 Measured and computed ﬂow velocity at cross section 1.
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Figure 9 Measured and computed ﬂow velocity at cross section 2.
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was installed on the feeding pipe that connects the boiler to the
outfall structure to measure the efﬂuent discharge.
Temperature sensing probes (thermometers) were used to
measure the temperature distribution in the model. The surface
water temperature probes were installed at 1.5 cm below the
water surface to minimize the wind effect.6. Model calibration
The model was calibrated to ensure that both the model and
prototype are geometrically, kinematically, and dynamically
similar. The model was calibrated against the water surface
slope and ﬂow velocity distribution. The results of the calibra-
tion at two measuring cross sections are presented in Figs. 8
and 9. In these ﬁgures Vp and Vm stands for the velocity mea-
surements in the prototype and model, respectively. The com-
parison shows that there is a good agreement between model
and prototype ﬂow measurements [10].
7. Model scenarios and results
A model test program was setup, as listed in Table 1. The sce-
narios consider the seasonal variation of the maximum, dom-
inant and minimum ﬂows discharges in Al-Rayah El-Behery
and taking into account the operation modes of the plant.
Twenty-one tests were carried out with varying efﬂuent dis-
charge, excess temperature above ambient at the outfall and
ﬂow discharge in the stream. For each scenario, the mixing
zone area with its dimensions of length and width was ob-
tained. The results of each test were analyzed and the temper-
ature distribution at the plant vicinity for each test was
obtained. The results show that under different ﬂow regimes
in El-Rayah El-Behery and different operation conditions of
the plant there is no recirculation of the efﬂuent from the plant
outfall to its intake. This is essential to maintain the efﬁciency
of the plant to its maximum. It has been noted that according
Table 1 Model scenarios and dimensions of the mixing zone.
Scenario Ambient water temp.
in El-Rayha El-Beharay C
Flow regime in EL-Rayah
EL-Behary
Flow condition in EL-Rayah
EL-Behary
Operation condition of the
cooling system
Dimensions of
mixing zone
Area of mixing
zone (m2)
Flow (m3/s) Flow (m3/s) Dt (C) Width (m) Length (m)
1 14 Min. winter ﬂow conditions 109.95 37.111 12 50 950 47,500
2 14 109.95 28.011 12 40 650 26,000
3 14 109.95 21.55 12 30 600 18,000
4 14 109.95 37.111 10 33 800 26,400
5 14 109.95 21.55 10 20 400 8000
6 14 109.95 41.661 8 28 750 21,000
7 14 109.95 26.1 8 17 420 7140
8 24 Dominant ﬂow conditions 231.5 37.111 12 35 750 26,250
9 24 231.5 28.011 12 35 600 21,000
10 24 231.5 21.55 12 20 520 10,400
11 24 231.5 37.111 10 22 300 6600
12 24 231.5 21.55 10 15 200 3000
13 24 231.5 41.661 8 20 180 3600
14 24 231.5 26.1 8 15 150 2250
15 28 Max. summer ﬂow conditions 306.7 37.111 12 40 600 24,000
16 28 306.7 28.011 12 38 400 15,200
17 28 306.7 21.55 12 20 300 6000
18 28 306.7 37.111 10 20 250 5000
19 28 306.7 21.55 10 7 130 910
20 28 306.7 41.661 8 15 150 2250
21 28 306.7 26.1 8 15 130 1350
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Figure 10 Distribution of the thermal plume, Scenario 1.
Figure 11 Plume transport, Scenario 1.
Physical model to investigate the effect of the thermal discharge on the mixing zone 181to the Egyptian guidelines, the excess temperature above the
ambient at the edge of the mixing zone should not exceed
5 C. A comparison between the results of different scenarios
with different efﬂuent discharges at same river ﬂow condition
give the impact of increasing the efﬂuent discharge on the mix-
ing zone. As an example, the comparison between Scenarios 1
and 2 will be discussed. The comparison between Scenarios 1, 8
and 15 will be taken as an example with same efﬂuent
discharge and different ﬂow regime in the river give the impact
of increasing the river discharge on the mixing zone.
Table 1 presents in addition to the scenarios conditions, the
obtained mixing zone area and dimensions. Fig. 10 shows an
example of the thermal plume obtained for Scenario 1. This
scenario presents the winter period where EL-Rayah EL-Beh-
ery ﬂow discharge is 109.95 m3/s (minimum ﬂow condition). In
this scenario the total inﬂow/outﬂow of intake/outfall of the
plant is 37.1 m3/s, which is about 34% of EL-Rayah ﬂow dis-
charge. The design excess water temperature above the ambi-
ent at the outfall is 12 C. Fig. 10 shows that there is no
recirculation of efﬂuent to the intake. It can be seen that water
temperature that exceeds 5 C above ambient occupies a
47,500 m2. Fig. 11 shows the plume transport for Scenario 1.
Figs. 12 and 13 show the water temperature distribution in
front of the outfall normal to the ﬂow direction at three cross
sections and with direction of the main ﬂow at three longitudi-
nal sections, respectively. It can be seen from Fig. 13 that the
plume bends and directed to the other side of the reach which
is the left bank after about 400 m from the outfall structure.
These ﬁgures show also that the temperature rise exceeds
5 C and reach the middle of EL Rayah EL Behery. So that,
the dimensions of mixing zone area in front of the outfall
are about 950 m in the direction of the main ﬂow and about
50 m normal to it. The ﬁgures show that the rise in the water
temperature near the left bank does not exceed 4 C.Fig. 14 shows the thermal plume distribution for Scenario 2.
In this scenario the total inﬂow/outﬂow from the plant intake/
outﬂow is 28.0 m3/s, which is about 25.5% of EL-Rayah ﬂow
discharge. The design excess water temperature above the ambi-
ent at the outfall is 12 C. This Figure shows that there is no
recirculation of the efﬂuents from the plant outfall to its intake.
The temperature rise above 5 C occupies a relatively large area.
Figs. 15 and 16 show the water temperature distribution in
front of the outfall normal to the ﬂow direction at three cross
sections and with direction of the main ﬂow at three longitudi-
nal sections, respectively. Fig. 16 shows that the plume bends
to the left bank after a distance of about 300 m from the out-
fall structure. The temperature rise which exceeds 0 C occu-
pies a length of about650 m along El Rayah El Behery in
main ﬂow direction. The temperature rise above 0 C can be
seen near the left bank as a result of the bending of the plume
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Figure 12 Transversal proﬁle of the temperature distribution, scenario 1.
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Figure 13 Longitudinal proﬁle of the temperature distribution, scenario 1.
182 E.A.S. El-Ghorabtowards the left bank. This Figure shows that the excess tem-
perature of 0 C above the ambient extends from the plant out-
fall to the other side of El Rayah El Behery in the area
downstream of the plant outfall (more than 1/3 of the width
of the cross section). The same procedures were followed for
the other scenarios to analyze the mixing zone area. Generally,
the Table shows that increasing the efﬂuent discharge by about
70%, under constant ﬂow regime in the river and excess tem-
perature above ambient, the length of the mixing zone in the
direction of the main ﬂow is increased by about 75%, the
width of mixing zone in the direction normal to the main ﬂow
is increased by about 65% and the mixing zone area is in-
creased by about 240%.The table shows that increasing the excess temperature
above ambient by about 20% under constant efﬂuent dis-
charge and ﬂow regime in the stream will increase the area
of the mixing zone to about 80–400% and the length of the
mixing zone to about 20–150% and the width of the mixing
zone to about 50% to 100% according ﬂow regime in the river.
Decreasing the ﬂow discharge of the river under constant
efﬂuent discharge can be seen in Table 1. Generally, decreasing
the ﬂow discharge in the river increases the area of the mixing
zone. It can be seen that decreasing the river discharge by
about 65% will increase the length of the mixing zone by about
200% while the area of the mixing zone is increased by about
400% and width of the mixing zone is increased by about 65%.
Figure 14 Distribution of thermal plume, Scenario 2.
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Figure 15 Transversal temperature distribution, Scenario 2.
Physical model to investigate the effect of the thermal discharge on the mixing zone 183Decreasing the ﬂow discharge in the river by about 50% will
increase the area of the mixing zone by about 200%.
7.1. Developed equations
Equations to predict the width and the length of the maxing
zone using the measured data has been developed using regres-
sion analysis. The width and the length equations are function
of the discharge of the stream, the outfall discharge of the
power plant, the stream temperature and excess temperature
of the outfall. These equations are as follows:
Y1 ¼ 28:3862 1:80606tþ 5:08423Dtþ 0:082768Qs
þ 0:769958Qo ð1ÞY2 ¼ 373:846 27:2368tþ 94:678Dtþ 0:0429969Qs
þ 14:1204Qo ð2Þ
where Y1 is the width of mixing zone; Y2 the length of mixing
zone; t the ambient water temp. in El-Rayha El Beharay C; Dt
the excess water temperature above the ambient at the outfall;
Qs the stream discharge; Qo the outfall discharge.
In addition, QUAL2K model, developed by Chapra [13],
was investigated to simulate the current research problem.
QUAL2K provides useful information about water quality
and any changes that might occur in a stream ﬂow due to
any source of pollution or source of temperature change. It
is probably worth mentioning here that QUAL2K is a one
dimensional model but its output information can help in
drawing a general idea about the overall stream temperature
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Figure 16 Longitudinal temperature distribution, scenario 2.
Figure 17 Comparison between measured, simulated (QUAL2K) and calculated length of mixing zone.
184 E.A.S. El-Ghorabchanges. Comparison between the developed regression mixing
zone length equation, QUAL2K results, and the originally
measured data are presented in Fig. 17. The results in this ﬁg-
ure show a trend agreement between the developed equation
and the measured data while a moderate trend match between
the QUAL2K results and the original measured data.8. Conclusions
Physical scale model is a powerful tool to predict the transport
and dispersion of the thermal plumes of power plants in the
near ﬁeld region. The results of the physical models enable
the prediction of the increased water temperature in the plant
vicinity. There is no a speciﬁc deﬁnition on the dimensions of
the mixing zone in the water quality guidelines to be followedwhen conducting environmental impact assessment studies for
power plants.
This research aims to deﬁne the area of the mixing zone in
which the excess water temperature does not exceed 5 C at its
edge. The model was done for North Giza Power Plant. Differ-
ent efﬂuent discharges and different ﬂow regime in the river
were used in the study. The study showed that increasing the
efﬂuent discharge under constant ﬂow regime in the river in-
crease the dimensions of the mixing zone. The increasing the
efﬂuent discharge by about 30% can increase the mixing zone
area by about 60%, the length of the mixing zone by about
30% and the width by about 25%.
Increasing the ﬂow discharge of the river under constant
efﬂuent discharge is decreased the mixing zone characteristics.
Therefore the increase of the ﬂow discharge of the river by
about 100% on average reduces the area of the mixing zone
Physical model to investigate the effect of the thermal discharge on the mixing zone 185by about 38% on average, the length of the mixing zone by
about 25% and the width of the mixing zone by about 28%.
Increasing the excess temperature above ambient by about
20% under constant efﬂuent discharge and ﬂow regime in the
stream will increase the area of the mixing zone to about 80–
400% and the length of the mixing zone to about 20–150%
and the width of the mixing zone to about 50–100% according
ﬂow regime in the river.
The model results showed that the width of the mixing can
vary between 10% up to 50% of the width of the stream
according to several parameters which are stream ﬂow, efﬂuent
discharge and excess temperature above ambient.
Finally, regression equations have been developed to pre-
dict the dimension of the mixing zone. Comparison between
the developed equations and QUAL2K model has been per-
formed to show the applicability of the developed equations.
9. Recommendations
It is recommended to conduct more experiments on the mixing
zone. The tests should include more efﬂuent discharges and
more river ﬂow discharges to b able to draw an equation be-
tween the mixing zone area, efﬂuent discharge and river dis-
charge. It is also recommended to carryout physical
modeling investigations with different intake/outfall layout
to investigate the impact of changing the layout of the cooling
system on the mixing zone characteristics
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